ABSTRACT
Introduction
Passive Hearing Protection Devices (HPDs) have been used extensively since the 1950's to limit noise exposure. Despite this workers have frequently cited negative effects on communication as one of the primary reasons for not wearing hearing protection (Howell and Martin, 1975) . In response to the challenge of providing adequate hearing protection without degrading intelligibility, special HPDs have been developed which will attenuate ambient noise while improving auditory perception and speech communications.
The United States Coast Guard (USCG) faced these challenges when deploying the service's newest and most sophisticated Motor Lifeboat (MLB). The MLB has traditionally always been the workhorse of USCG coastal rescue stations, performing all of the USCG's primary missions of search and rescue, law enforcement, maritime security, and defense operations (Krietmeyer, 1991) . Noise exposure is nothing new to the men and women of the USCG. On prior incarnations of USCG MLBs, the crew could at least escape engine noise on the bridge were communications were relatively unimpeded, but the new 47 foot MLB is so powerful and compact that the noise level is intense and concentrated, thereby constituting both an exposure risk and an impediment to communications. Safety and health evaluations found that the ambient noise environment routinely surpassed the USCG threshold level of 85 dBA-TWA (USCG, 1990). Even radio communications with land based stations or other sea or air assets were degraded, severely reducing operational effectiveness in coordinated operations (USCG, 2002) .
Purpose of this Study and Hypotheses
The overall objectives of this study are to determine the effectiveness of the communication system and its capacity to protect workers from noise exposure in its intended environment and for other selected environments with varying noise spectra. In particular will the electronic communication features actually improve verbal intelligibility in noise? What effect will the headset amplification feature have on the noise reducing capability of the MSA Sordin headset? Will headset clamp force have an effect on the noise reduction capability of the headset, and will the noise reduction measured in this study, under simulated field conditions, differ from the noise reduction data provided by the manufacturer?
This study will test the following hypotheses: 
Background
The goals of this study were to determine the noise attenuation capability of the MSA Sordin headset, determine whether noise reduction was a function of clamp force, and to measure the extent to which the headset improves or impedes verbal communication.
Over the last fifty years many studies have been conducted to determine the attenuation characteristics of HPDs. The studies have focused on three general areas: 1) the effectiveness of HPD attenuation when compared to manufacturer NRR data (Behar, 1985; Berger et al., 1996; Stewart, 2000) , 2) which devices perform the best (i.e., earplug vs. earmuffs), and 3) the effects of HPD attenuation on communication (Berger, 2003; Howell and Martin, 1975; Wagoner et al., 2007) . Several studies have also been conducted to study the difference between lab attenuation values and actual attenuation in the field (Casali and Park, 1991; Casali and Grenell, 1989) . One of the key issues at the heart of these studies is the measurement of actual HPD attenuation and the methodology to accurately determine the noise attenuating characteristics of HPDs.
REAT Method
The Real-Ear Attenuation at Threshold (REAT) method is considered the "gold standard" for measuring the noise reduction of any passive hearing protector. The method was promulgated by the American National Standards Institute (ANSI, 1974). Many studies have utilized the REAT method to determine HPD attenuation (Berger, 1983; Casali et al., 1995; Wagoner et al., 2007) . The REAT is a psychophysical (real-ear, sensationbased) technique which measures the difference between the minimum sound level an individual can perceive without the HPD and the minimum level detectable with the hearing protector on. This difference, the Insertion Loss (IL), is the attenuation provided by a hearing protector:
IL(dB) = SPL ear -SPL ear′
Equation (1) where: IL is the insertion loss in decibels SPL ear is the detectable sound pressure level without the HPD SPL ear′ is the detectable sound pressure level with the HPD.
The EPA specifies the REAT method for obtaining the noise reduction data required to calculate the NRR (EPA, 1979).
The REAT has disadvantages which led to the development of alternative techniques to determine noise reduction. One is that the test environment must be strictly controlled since the IL determination requires two measurements (with and without the HPD). Accurate interpretation requires recording occluded and unoccluded measurements with the same signal (i.e., operating mode, spectrum shape and noise level) at each frequency center band. This is not a problem in a controlled laboratory setting, but this level of control would be difficult to achieve in a field environment. Another disadvantage of REAT is the masking of occluded thresholds by physiological noise at low frequencies (Casali et al., 1995; Berger, 2003) . Physiological noise (from skull, canal wall and concha/pinna vibrations) arises from respiration, heart beat/blood flow, and muscle tremor. It is primarily a low-frequency phenomenon, occurring below 250 Hz and is amplified by the occlusion effect much like any other low-frequency vibratory influence (Berger and Kerivan, 1983) . At low frequencies, the amplified, physiological noise masks the REAT signal until the sound pressure is raised to a sufficient level to overcome the masking. This creates the overestimation of attenuation, since without the masking effects, the occluded threshold would be reached at a lower sound level.
MIRE Method
The Microphone in Real Ear (MIRE) test is an objective method which overcomes these two obstacles. Instead of relying on the subject's sensation-based thresholds, the actual sound pressure level is physically measured at the entrance of the ear canal (SPL ear ). For IL, SPL ear is measured with and without the protector. This overcomes the physiological noise induced contamination which can occur with REAT. Since MIRE measurements are not sensation based, a quiet environment is not required.
In addition, MIRE allows for simultaneous noise measurements, requiring less time than REAT and ensuring measurement of equivalent noise. For these reasons the MIRE methodology is an ideal candidate for field study (Berger, 2003) . The simultaneous method involves taking readings inside and outside the protector at the same time, yielding a measure of Noise reduction (NR) as opposed to the IL:
where: NR is the noise reduction SPL ambient is the level outside the HPD SPL ear is the level inside the HPD For all of its advantages, utilizing the MIRE/NR methodology presents one disadvantage when compared to IL measurements. A direct conversion of NR to IL can not be done without applying a correction factor to account for the Transfer Function of the Open Ear (TFOE), a physiological effect that increases the sound level from outside the ear to the entrance of the ear canal (Casali et al., 1995 (Berger, 1986) .
The Noise Reduction Rating (NRR)
The Noise Control Act passed by Congress in 1972 mandated the EPA to rate HPDs using the NRR method. The NRR is an attenuation index that represents the overall average noise reduction, in decibels, that an HPD will provide in an environment with a known C-weighted sound level (Berger, 2003) . Octave band noise reduction data is collected per REAT methodology (IL values). The NRR is calculated using the pink noise spectrum (equal energy in each octave band); by subtracting the overall protected A-weighted sound level from the overall C-weighted ambient sound level. A-weighting is an approximation of equal loudness perception characteristics of human hearing for pure tones relative to a reference of 40 dB SPL at 1000 Hz. C-weighting is the same approximation at 100 dB SPL at 1000 Hz. It has been concluded that empirically derived measures using A-weighting give a better estimation of the threat to hearing than do any other weighting system (Earshen, 2003 ). An additional subtraction of a 3 dB spectral safety factor takes into account the use of pink noise instead of the actual noise spectrum. Finally, a two standard deviation adjustment factor is incorporated to account for variability and provide a value that would theoretically protect 98% of the population. For a summary of the NRR method, see the step-by-step sample calculations in Table A1 Giardino and Durkt (1996) summarized a series a studies conducted by the Mine Safety and Health Administration to measure on-the-job effectiveness of muff-type hearing protectors. Attenuation was measured using the MIRE method for selected workers at various mine sites. Subjects were instructed to don their HPD in the usual fashion after instrumentation was installed to record inside and outside noise spectra simultaneously. The researchers used estimated TFOE values to convert physical NR data to estimates of IL. For the purpose of validating the MIRE data, REAT measurements were conducted in a laboratory setting. As with results discussed previously, other than for lower frequencies (<250 Hz) the two methods produced results which compared favorably (discrepancies were ≤ 2.5 dB) with negligible bias. Beyond verifying MIRE as an acceptable method for measuring HPD attenuation, the study concluded that for most HPD models and frequencies, the field-measured attenuation values were less than the advertised NRRs. This was especially true for operators of machines powered by internal combustion engines due, in part, to the low frequency of the noise produced and the tendency for REAT to overestimate attenuation at lower frequencies due to physiological noise masking (Giardino and Durkt, 1996) .
Objective methods, such as MIRE, allow for the measurement of HPD performance at sound pressure levels well above threshold, an important distinction when testing in a field environment or in laboratory conditions simulating the field environment. However, there are two disadvantages to measuring IL using MIRE. First, measurements must be taken with and without the HPD (not simultaneous) which means the signal must be controlled as with the REAT method. This is time-consuming and not practical in the workplace where the ambient noise spectrum is likely to be erratic. Second, one of the required readings is with the unprotected ear, which limits the range of SPLs that can be tested. Taking simultaneous readings with HPD donned, inside and outside the protector, to determine NR is therefore a more feasible option allowing for greater flexibility.
Beyond the fact that the EPA NRR is determined from REAT-derived noise reduction data, there are other issues with the NRR procedure which may contribute to its overestimation of real world attenuations. First, the NRR is always computed using the pink noise spectrum. Since high frequency noise is easier to attenuate, use of pink noise exaggerates the reduction that will be obtained when low frequency noise dominates. Many industrial noise environments are low frequency dominant. Furthermore, the NRR method subtracts A-weighted protected values from C-weighted unprotected pink noise, as opposed to subtracting from an A-weighted ambient noise spectrum. Because Cweighting factors are of generally lesser magnitude than A-weighting factors, especially at lower frequencies, this results in a higher overall unprotected sound level, which in turn leads to a higher NRR. To account for these two inconsistencies, the final NRR is further reduced by a 3 dB spectral safety factor (Berger, 2003) .
The Octave Band Method
The Octave Band Method is considered the most accurate computational procedure for determining actual protected exposures (Berger, 2003) . Two characteristics make this method more valid than the NRR procedure. First, the A-weighted protected noise level is subtracted from the A-weighted environmental noise. Second, all A-weighted values are calculated from the actual noise spectrum. The accuracy of this method depends on the reliability of the noise reduction data and the octave band noise measurements. Similar to the NRR method, the Octave Band method utilizes a 2-standard deviation correction factor to obtain an OB value that includes 98% of the sampled population (OB 98 ). For a summary of the OB method calculation, see Table A2 , Appendix A. The OB Method and the NRR Method are contrasted further in this study for analyzing the MSA Sordin Supreme Pro headset and, for comparison, a standard industry earmuff, the Peltor Twin Cup H10A.
Frequency Distribution and Computed Overall Attenuation
One important distinction to make with any noise reduction rating is the relationship between individual octave band noise reduction values and overall attenuation. Noise reduction values in each octave band are determined by subtracting the protected SPL from the unprotected SPL in that band. As a result, this is independent of the actual ambient noise level. If at 125 hz one measures 10 dB of noise reduction at 80 dB ambient levels, then the noise reduction at an ambient level of 110 dB will still be 10 dB. However, the overall noise reduction is highly dependent on the noise spectrum since it is the logarithmic sum of all octave band frequencies measured outside the HPD minus the logarithmic sum of all the octave band frequencies measured inside the HPD:
Equation ( (5) where: SPL overall is the OB or NRR noise reduction, dB SPL unprotected is the SPL outside the HPD SPL protected is the SPL inside the HPD The overall noise reduction dependence on the noise spectrum is demonstrated here using the manufacturer's data for the Peltor Twin Cup H10A earmuff to calculate the OB 98 attenuation in two different noise spectrums. The OB method must be used since by definition the NRR is only calculated using the pink noise spectrum. Figure 1 shows the Peltor H10A noise reduction values for frequency bands from 125 to 8000 Hz from manufacturer data. OB 98 attenuation will be calculated for two different noise spectrums to illustrate the effect of the noise spectrum on overall attenuation. One spectrum is representative of low frequency dominant noise; the other is representative of high frequency dominant noise. The two spectra are presented in Figure 2 . Tables 1 and 2 present the step-by-step calculation of the OB 98 for the low frequency dominant spectrum and the high frequency spectrum respectively. Note that the OB 98 value for the low frequency spectrum is 21.9 dBA, 15 dBA lower than that achieved for the high frequency noise spectrum. The significant difference in overall attenuation is a function of the noise spectrum and the spread of noise reduction values over each frequency band characteristic of the HPD. 
Variability and Clamp Force
What factors account for the variability among subjects? HPD noise reduction capacity obviously goes beyond the physical attenuation ability of the muff material. Earmuff clamp force is one important factor that may play a role in noise reduction capability. Clamp force is a function of both the ear muff construction and the anthropometry of the human head.
Researchers have found that while clamp force is not necessarily indicative of subjective comfort, it may be important for evaluating attenuation (Berger and Mitchell, 1989) . Studies have shown that earmuff clamp force correlates positively with attenuation (Flugrath and Wolfe, 1971; Casali and Grenell, 1990 ). Clamp force, as a function of HPD manufacture and human anthropometric variability, may be the primary contributing factor to the noise reduction variability among workers wearing the same hearing protectors. Comfort and wearing time may also contribute to this variability in a real world setting but these factors were not analyzed in this study.
Communication and Its Importance to Worker use of HPDs
One of the key factors which has historically contributed to worker resistance to wearing hearing protection is the problem of communication. Because HPDs affect all noise entering the ear, including alarm signals and speech as well as unwanted noise, they can potentially reduce the ability to hear alarms or understand what a co-worker might be 9 saying. Researchers have found it expedient to study not only the attenuating characteristics of hearing protectors, but also to test the effects of hearing protectors on worker's ability to detect important warning signals or communicate verbally with coworkers (Howell and Martin, 1975 ).
Howell and Martin (1975) set out to determine why many workers who regularly wear hearing protection continue to indicate that HPDs make normal communications difficult, despite the fact that previous research had suggested that hearing protectors did not degrade verbal communication at levels above 85 dBA (Kryter, 1946; Pollack, 1957) . Beyond investigating the effects of HPDs on listener's ability to understand speech, they also studied how voice levels of talkers were affected while wearing HPDs. They hypothesized that while intelligibility may not be negatively affected by wearing HPDs in noise, perhaps there was a change in speech patterns for talkers wearing HPDs. They found that at levels greater than 85 dBA, HPDs did not degrade speech intelligibility (as in the Kryter and Pollack studies, the Howell and Martin study was conducted by introducing the signal into the space electronically along with the background noise, not from a person in the space wearing hearing protection). However, they also discovered that talkers wearing hearing protection will reduce their voice level to the extent that the intelligibility for the listener is degraded. The researchers concluded that talkers instinctively adjust their voice to sufficient levels to overcome background noise. When background noise is attenuated by hearing protection, the voice level is lowered since less projection is required to overcome the attenuated noise level (Howell and Martin, 1975 ).
In the Howell and Martin study, intelligibility was indicated by the percentage of correct responses to word lists which were presented at different speech levels in differing background noise environments. Other studies have investigated the intelligibility effects of HPDs using the Hearing in Noise Test (HINT). HINT was developed to measure the sentence Speech Reception Threshold (sSRT), which is the presentation level (sound pressure level) necessary for a listener to recognize spoken material correctly 50% of the time in background noise (Nilsson, et al., 1994) . SRT is a direct measure of speech-tonoise (S/N) ratio and, as such, can only indirectly indicate the effect of hearing protectors on speech intelligibility. It can be inferred that the higher the S/N ratio with a particular HPD, the more positive the effect that the HPD has on speech intelligibility.
HPDs with Communication Features
Because of the communication difficulties often encountered by workers in especially noisy environments, some HPDs have been modified to include communication features. Ear phones can be integrated into ear-muffs (and even ear plugs) providing the listener with an enhanced verbal signal. These communications systems can be wireless or hard wired systems and can be designed for one and two-way communications (Berger, 2003; Casali and Berger, 1996) . Several factors determine the intelligibility of intercom speech. Ambient noise at the speaker's microphone can lessen intelligibility by degrading input signal quality. A second factor is the ambient noise at the ear. The speech-to-noise ratio at the earphone seems to be the single greatest limiting factor for intercom speech intelligibility. Therefore, for an objective measure of intercom speech intelligibility, the most important characteristics to consider would be input signal transmission and the attenuation characteristics of the HPD. This data provides the speech-to-noise ratio at the ear within the communication headset.
The attenuation characteristics of the headset hearing protector can be determined employing any one of the methods discussed above. Speech transmission quality requires an understanding of the physics behind the conversion of speech to an electronic signal at the microphone, frequency filtering and amplification, and then subsequent conversion of the signal to electronic speech at the earphone. A physical method to measure intercom speech-transmission quality was developed by Steeneken and Houtgast in 1980. The underlying concept of their approach is based on the Modulation Transfer Function (MTF) of a transmission channel and was adapted to account for the nonlinear distortions (peak clipping) as well as for distortions in the time domain (reverberation, echoes and automatic gain control). The resulting index is the Speech Transmission Index (STI), which yields an intelligibility score between 0 and 1 and was correlated with subjective intelligibility scores obtained from known psychophysical measures of intelligibility (Steeneken and Houtgast, 1980) . This objective measure of speech transmission quality can provide insight into speech intelligibility for communications based, hearing protection systems.
For this study, attenuation data was collected using MIRE/NR methodology. Intelligibility was tested using techniques developed by Howell and Martin (1975) and Nilsson et al. (1994) . An objective measure of speech transmission quality will not be undertaken for this project. The intelligibility tests using human subjects speaking over real noise will be sufficient to determine the communication enhancement of the MSA Sordin headset.
Apparatus
1. The instrument used to record the 47 foot MLB noise in the field was a Nagra ARES-PII+ (Figure 3) . The Nagra ARES-PII+ is a high quality, digital, solid-state audio recorder that provides professional sound quality, recording the sound field as a .wav file format. A Larson-Davis SLM, Model 831, was used at the same time to measure the ambient sound pressure level and to perform a 1/3 octave band frequency analysis.
This field measured noise spectrum was used to confirm the correction of the noise spectrum measured in the reverberation chamber (see Figures 12 and 13 below). Noise was recorded during a 30-min cruise along the Ocean City, MD shoreline onboard a CG Station Ocean City, MD 47 foot MLB. The majority of the data was recorded at cruising speed (1900 rpm). 2. Data was collected in a specially built sound chamber (see Figure 4 ) designed to maximize reverberation and thus create a nearly diffuse sound field. Data showed that the chamber was not perfectly reflective and did in fact absorb some higher frequency sound (see Results and Discussion). The reverberation chamber measures 9'1" x 11'3" x 7'5" with a total volume of 758 cubic feet. The walls and ceiling are 2" x 4" frame construction finished with dry wall over 3/8" plywood while the floor is hard wood. The inner surfaces were painted with 3 coats of "hard-shell" paint. The chamber is fitted with three Infinity Primus 160 speakers which provided the ambient noise field. 4. Clamp force was measured for each subject to demonstrate its relationship to noise reduction. Two anthropometric measurements required to determine clamp force are the median head width and the median head height (ANSI, 1997). These were measured using standard calipers and a micrometer. These measures were then applied to a clamp force meter which provided the clamp force in pounds.
The clamp force indicator was designed and built for the WVU Industrial Hygiene Department by Dose Busters ( Figure  8 ). 
Methods
This study was broken down into two primary experiments: (1) the determination of speech intelligibility, and (2) the MIRE investigation to determine the noise attenuating characteristics of the communication headset. Both experiments were conducted using the noise spectrum recorded in the field on the USCG 47 footMLB to provide an accurate representation of the true operational environment.
Subjects
Eight subjects participated in the study. Noise reduction data was collected from all 8 subjects while only 4 participated in the intelligibility study. The subjects consisted of 5 males and 3 females, ranging in age from 23 to 47 years, with a mean of 31 yrs. The racial and cultural breakdown of the subjects was 6 White, 1 Hispanic, and 1 Asian. The goal was to study a subset of subjects which would reasonably reflect the diversity of a typical workplace with respect to sex and age. It must be noted that cultural diversity among subjects participating in the intelligibility study was limited due to the requirement for Standard English speakers. In a diverse workplace, such as the Coast Guard, regional and cultural dialectual differences will be present which will influence intelligibility. Intelligibility issues also exist to varying degrees with individuals from other countries who speak English as a second language. This diversity in spoken English will inevitably result in decreased intelligibility. This decreased intelligibility can be exacerbated by electronic communication, which must be considered when evaluating such a system. However, the goal of this study was to determine the effectiveness of electronic communications in noise, with the focus on the performance of the equipment. Thus, the effects of language were controlled to the greatest extent possible by selecting native, American English speakers. All subjects were briefed on the experimental methods and signed an informed consent form before participating.
Speech Intelligibility Testing
Human subjects taking part in the speech intelligibility portion of this study were audiometrically tested to ensure normal hearing (hearing level less than 20 dB from 0.25 to 8 kHz.) The speech intelligibility tests utilized sentences which were equated for naturalness, length, and intelligibility, and were phonetically matched and balanced (Nilsson, et al., 1994) . The lists of sentences used is included in Appendix C. The sentences contain words natural and common to the English language, and therefore all subjects who participated in the speech intelligibility experiment were native speakers of standard American English. This ensured that intelligibility scores were not degraded by linguistic/idiomatic misinterpretation, but rather were a function of the capability of the communication system under study.
Speech intelligibility was determined by applying the HINT test, but in a slightly different manner than designed and conducted by Nilsson et al., (1994) . Rather than determining the sentence speech reception threshold (requires adjusting the signal/noise ratio to reach the threshold of 50% intelligibility), the extent of speech intelligibility was scored directly at fixed background noise levels of 80, 90, and 100 dBA. Subjects were paired with one reading a list of sentences aloud while the other transcribed what he or she heard. When all sentences in the list had been read and recorded, the two subjects switched roles. Each test was conducted with a new, randomly selected list. The test was carried out with both talker and listener confined to the simulated, ambient noise environment of the reverberation chamber since ambient noise at the talker's microphone plays a role in the intelligibility of the modified and transmitted signal. Each recorded list was graded against the original. The test was conducted with the communication system activated (including headphone amplification) and with the system disconnected (including headphone amplification off) for comparison.
The orientation of the subjects during the intelligibility tests is presented in Figures 9 and 10 . It was determined that subjects should face each other for the tests conducted with communications off since in the real world people speak facing each other. This decision was made with full understanding that this would bias the data in favor of increased intelligibility with communications off. This provided for a more conservative comparison since the expected result was a significant increase in intelligibility with communications. However, the subjects were instructed to look down and not at each other to control for visual intelligibility. 
Noise Reduction Testing
Noise data was collected using MIRE/NR methodology. Noise levels were recorded simultaneously inside and outside of the hearing protector. This was accomplished by inserting a small microphone inside the earmuff (SPL ear ) and by attaching another microphone outside the protector on the shoulder (SPL shoulder ). Data was collected without signal output from the headset headphone (wireless communication) in order to gauge the actual attenuation ability of the muff. The effects of headphone signal output from wireless communications on noise reduction were not examined in this study. Noise reduction data was also collected for a typical industry earmuff for comparison to the MSA Sordin headset. The earmuff selected was the Peltor Twin Cup H10A. Data collection and analysis methodology for the Peltor earmuff was identical to the MSA Sordin headset. Table 3 provides the manufacturer data for the two hearing protectors. MSA Sordin does not indicate whether their data is with the amplification feature off or on, nor do they allude to any difference between the two states. Manufacturer data listed for the MSA Sordin Supreme Pro is presumed to be with the amplification feature off based on the findings of this study.
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Frequency specific noise reduction data was used to determine overall noise reduction values, such as NRR, OB, and linear values. Examples of these calculations are provided in Appendix A, Tables A1 for NRR and Table A2 for linear and OB calculations using the manufacturer provided data for the MSA Sordin Supreme Pro headset.
Statistical Analysis
Overall noise reduction values calculated from manufacturer and study data were compared to determine if the difference between means was significant. Confidence intervals were calculated for the difference between each set of means. The pooled variance for two means is calculated as follows:
Equation (6) where: s p is the pooled estimate of the population standard deviation n 1 is the sample size of sample 1 n 2 is the sample size of sample 2 s 1 is the standard deviation of sample 1 s 2 is the standard deviation of sample 2
In this case the variance of the calculated manufacturer NR values was not known (manufacturer standard deviation data was at the noise reduction level for each frequency). At the frequency level, the manufacturer variance was routinely lower than the study variance. Therefore, assuming unknown but equal variance between the samples we can conservatively assume that the manufacturer NR values had the same variance as the study data. This conservative approach yielded pooled standard deviations which were the same as the s 1 /s 2 values.
The Confidence Intervals (CI) were calculated with Equation 7:
Equation (7) ( )
where: CI is the confidence interval x 1 is the mean for sample 1 x 2 is the mean for sample 2 t α/2 is the t-value with v = n 1 + n 2 -2 degrees of freedom s p is the pooled estimate of the population standard deviation n 1 is the sample size of sample 1 n 2 is the sample size of sample 2
An alpha of 0.05 was used to calculated both upper and lower confidence intervals. A Lower Confidence Limit (LCL) greater than zero indicates that there is only a 2.5% chance or less that the means could be equal.
Finally, performing a two sample pooled T-Test demonstrates the unlikelihood that the samples are equal. The test statistic, t, was calculated from the following equation:
where: t is the test statistic for the two-sample pooled T-Test x 1 is the mean for sample 1 x 2 is the mean for sample 2 d 0 is the difference between the sample means to be tested s p is the pooled estimate of the population standard deviation n 1 is the sample size of sample 1 n 2 is the sample size of sample 2
The t statistic can either be compared to a critical t value based on the desired level of significance or the corresponding p-value can be compared. In this case, since the manufacturer means were higher than the study data, a one tailed test was performed at α = 0.025.
The correlation between clamp force and noise reduction was tested using linear regression to determine the coefficient of determination (r 2 ) and by calculating the correlation coefficient. The coefficient of determination expresses the proportion of the total variation in the values of Y (noise reduction) that can be explained by a linear relationship with the values of X (clamp force). The correlation coefficient (r) was calculated using EQ 9:
yy xx xy S S S r = Equation (9) where: r is the correlation coefficient S xx = ∑(x i -x) 2 S yy = ∑(y i -y) 2 S xy = ∑(x i -x)(y i -y)
The t-statistic to determine the strength of the linear relationship was calculated as follows:
Equation (10) where: t is the statistic to determine linear association with n-2 degrees of freedom r is the correlation coefficient n is the number of samples
Results and Discussion
Speech Intelligibility, Noise Reduction, and Clamp Force were the primary dependent variables derived from this study.
Speech Intelligibility
The objective of this test was to determine whether the MSA Sordin headset, as part of the BCCS (with transceiver) had no effect when deployed in noise or whether it improved verbal communications. Intelligibility scores were calculated for each test and plotted in Figure 11 . Due to the length and rigor of the intelligibility tests there were no replications. Figure 11 shows the dramatic advantage in intelligibility when the communications system was utilized compared to when the system was off.
The intelligibility data were so conclusive after testing four subjects that further testing was deemed unnecessary. It is clear from the data that the Telephonics communication system dramatically improves intelligibility. Subjects' performance was significantly enhanced at all three ambient noise levels with communications. For sound levels at 90 and 100 dBA, intelligibility was poor with communications turned off. None of the four subjects were tested at 100 dBA without communications. Preliminary testing revealed that intelligibility was negligible at that level with the communications system off. n/a n/a n/a n/a n/a 100% 96% 85% 48% 82%
* Preliminary testing showed that intelligibility scores without comms at ambient noise level of 100 dBA under the test conditions was 0%. Therefore testing was not done without comms at 100 dBA. The score is assumed to be 0%.
The greatest variation was registered at 90 dBA with the communications system off. Here intelligibility was hit or miss with the majority of subjects scoring well below 50% (see Table 4 ). However, a large range of variability was observed, running from 8% to 98% intelligibility. This range corresponded to the apparent strength and projection of the speaker's voice.
While intelligibility scores were uniformly high utilizing the electronic communications, there was some variability. Static, interference, and the dropping or chopping of words resulted in intelligibility scores below 90% (see Table 4 ). These seem to be inherent problems with electronic communications systems. Due to these problems, it was determined that the procedure used to test the first group of subjects was not consistent with field practice. Due to the dropping and chopping of words, typically at the very beginning of a transmission, the operator will normally initiate the transmission by identifying the person being called and then themselves. This establishes the line of communication and eliminates the tendency of the system to drop the first word or two. Therefore the second group was instructed to start each sentence by stating the sentence number, i.e. "sentence 1…" and then the text. The intelligibility scores for the first group were lower, but the data was conservatively biased toward lower intelligibility. Therefore the data was accepted and included in the results. Despite the lower intelligibility scores by the first group with communications activated, overall intelligibility was still greatly improved by utilizing the electronic communications.
One experimental protocol issue discovered during this test was a phenomenon mentioned by several subjects. Occasionally during the reading of a sentence they would not catch a word but after hearing the rest of the sentence they guessed the word based on context clues. While this would skew intelligibility scores higher, it was present equally during communications on and off, therefore not affecting the disparity. Also this phenomenon occurs during normal communications and probably reflects the reality of the field environment.
Noise Reduction

Reverberation Chamber Correction Factor
In the course of collecting noise reduction data it was discovered that the reverberation chamber was not producing a perfect diffuse noise field. Some sound energy is absorbed, especially in the higher frequency ranges. For that reason, a correction factor for each Figure 12 , a hypothetical pink noise spectrum is represented by the red line, a constant 95 dB. The actual pink noise spectrum measured in the reverberation chamber is represented by the blue line. The difference between the two is the correction factor for the reverberation chamber. The actual SPL of the hypothetical pink noise does not matter. This correction factor must be applied to any other noise source measured in the chamber to provide the actual spectrum. This correction factor was applied to the 47 foot MLB noise spectrum, which was recorded in the field, and used to determine the noise reduction performance of the headsets in this experiment. Figure 13 shows the uncorrected MLB noise spectrum as recorded in the reverberation chamber versus the corrected spectrum. The actual field measured spectrum, measured by SLM at the same time the MLB noise spectrum was recorded, was overlaid to compare to the corrected spectrum (yellow line). This provides validation that the correction factors for the reverberation chamber are accurate.
The correct noise spectrum is not critical for determining noise reduction values for each octave band since the discrepancy cancels itself out. However, when determining the overall protection afforded by the HPD, regardless of the method utilized, the correct frequency spectrum is critical to the calculation of the overall noise reduction, as was demonstrated in Tables 1 and 2 . The corrected MLB noise spectrum represented in Figure 13 is the spectrum used to determine the protection values calculated in the following sections. 
Usability vs. Noise Reduction vs. Noise Reduction
Before reviewing the results from the noise reduction experiment, one important issue must be discussed. Of the eight subjects that participated in the noise reduction experiment, one subject could not receive a sufficient seal with the MSA Sordin Supreme Pro headset due to a combination of factors. First, Subject 7 had a sharp jaw line which nearly formed a right angle with the neck just below the ear. This feature did not appear to be an abnormality or deformation of any kind, rather simply normal anthropometric variation. The sharp jaw line had no effect when measuring NR for the Peltor Twin Cup H10A earmuff. However, the jaw line allowed a visible gap with the MSA Sordin headset. The second factor was the width of the headset earmuff material. The Peltor earmuff appeared to completely form fit around the jaw, forming a good seal. The MSA Sordin headset had thinner earmuff depth (see Figure 14) . The thinner earmuff material of the MSA Sordin headset visibly could not sufficiently seal Subject 7 at that jaw/neck interface. As a result, there was no effective noise reduction. In fact, Subject 7 received
Before reviewing the results from the noise reduction experiment, one important issue must be discussed. Of the eight subjects that participated in the noise reduction experiment, one subject could not receive a sufficient seal with the MSA Sordin Supreme Pro headset due to a combination of factors. First, Subject 7 had a sharp jaw line which nearly formed a right angle with the neck just below the ear. This feature did not appear to be an abnormality or deformation of any kind, rather simply normal anthropometric variation. The sharp jaw line had no effect when measuring NR for the Peltor Twin Cup H10A earmuff. However, the jaw line allowed a visible gap with the MSA Sordin headset. The second factor was the width of the headset earmuff material. The Peltor earmuff appeared to completely form fit around the jaw, forming a good seal. The MSA Sordin headset had thinner earmuff depth (see Figure 14) . The thinner earmuff material of the MSA Sordin headset visibly could not sufficiently seal Subject 7 at that jaw/neck interface. As a result, there was no effective noise reduction. In fact, Subject 7 received amplification at every frequency range, even with the headset amplification feature turned off. The amplification suggests un-attenuated noise was entering the ear cup eely and reverberating.
onditions. Subject 7's data is included for more comprehensive nalysis in Appendix B. eadset mplification feature would alter the noise reduction characteristics of the headset.
re is activated it significantly changes the noise reduction capacity of the headset. fr Having one of eight users receive no protection was disturbing. However, subject fit was not a primary metric of this study. Therefore Subject 7's data was removed to evaluate the headset under ideal c a
Amplification On vs Amplification Off
The objective of this test was to determine whether the MSA Sordin h a The MSA Sordin headset provides the capability of amplifying noise in specific frequency ranges to enhance the wearer's ability to hear presumably wanted sound while reducing unwanted noise. The end result when this feature is energized is depicted in Figure 15 . The scatter plot shows all noise reduction values collected with the amplification feature turned on versus noise reduction with the amplification feature turned off. It is readily apparent from Figure 15 that the amplification feature does have a profound effect on the noise reduction characteristics of the headset. From 400 to 8000 Hz the amplification feature lowers noise reduction at all frequencies. It is conclusive that when the amplification featu 
Simulated Field Conditions (OB) vs. Manufacturer data (NRR)
Using the noise reduction data collected, the goal was to calculate the overall Octave Band noise reduction and compare it to the manufacturer NRR to determine if the field simulated conditions would yield lower overall noise reduction.
The data provided by the manufacturer is with headset amplification off. Therefore Hypothesis 3 was tested comparing the manufacturer's data with the data collected in this study corresponding with amplification off. Figure 16 compares the manufacturer's data to the study data. The solid blue line represents the study mean. The confidence intervals for the manufacturer's data were calculated using an assumption of 20 samples which is the minimum number of samples required by the REAT method (ANSI, 1974). The study data overlaps considerably with the manufacturer confidence intervals from 500 to 2000 Hz. For comparison, the Peltor Twin Cup H10A study results are also plotted against manufacturer data (n=20) in Figure 17 . Similarly, overlap is observed in the 500 Hz to 2000 Hz range.
While this data demonstrates a clear trend toward lower noise reduction values, especially at lower and higher frequency ranges, an analysis of overall attenuation is required to definitively determine whether the field simulated condition results in lower attenuation than marketed NRR values. For the MSA Sordin headset, Table 5 shows the comparison of linear, C-Weighted and Octave Band mean (A-weighted) attenuation values calculated from the manufacturer's data and the study data for three different noise spectrums, pink noise, low frequency dominant noise (USCG 47 footMLB noise spectrum) and a mid range dominant noise spectrum (recreated from Howell and Martin, 1975) . The masking noise fields used by Howell and Martin (1975) in their hearing in noise study concentrated the sound energy within the frequency range most likely to affect speech intelligibility.
The linear values are calculated strictly from noise reduction data; no weighting factors are incorporated. The C-weighted values are similar to the linear values due to the fact that C-weighting adjustments are relatively minor. The Octave Band Mean is the same as the A-weighted noise reduction, since the A-weighted protected noise level is subtracted from the unprotected A-weighted SPL (see calculations in Appendix A). The more substantial A-weighting factors account for the difference between the Octave Band mean and the other values. The NRR is only computed for the pink noise spectrum, and as discuss, it involves subtracting A-weighted protected values from C-weighted ambient noise. The NRR here is the NRR mean without the 2 standard deviation adjustment.
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As depicted in Table 5 , the NR values derived from study data are universally lower than the values calculated from the manufacturer data. This difference fluctuates however, depending on the noise spectrum. Using the mid range dominant spectrum we see the smallest difference between the study and manufacturer values. In this spectrum, the energy is concentrated in some of the same frequencies where overlap was observed in the frequency specific noise reduction plots (Figures 16 and 17) . This results in the similarity between the study and manufacturer data. The low frequency spectrum produces the largest gap between the study and manufacturer values. Regardless of whether we observe the manufacturer data or the data collected in this study, we find that the OB method calculated using the 47 foot MLB low frequency noise spectrum yields lower overall noise reduction than the NRR method (19.4 vs. 24.4, dB manufacturer -11.2 vs. 19.4, dB study data).
Statistical comparisons reveal the significance of the disparity between the manufacturer and study data. The CI calculations indicate that all study derived overall noise reduction values are significantly less than the corresponding manufacturer values. In all cases, the t-statistic falls outside the critical value, corresponding to p-values much lower than 0.05. This demonstrates that the manufacturer sample is significantly different from the data collected in this study. We can reject the hypothesis that the study data will yield similar values to the manufacturer data, and accept the alternative that the study results were significantly lower than the manufacturer's data. Table 6 presents the same data for the Peltor H10A ear muff. Results for the Peltor earmuff comparison between study and manufacturer data were similar to the results of the MSA Sordin headset tests. It must also be noted that as the overall sound level becomes increasingly dominated by the mid and high frequency ranges, the MSA Sordin Supreme Pro, with amplification activated, performs increasingly poorly with respect to noise reduction (Table 7 ). This is due to the fact that the maximum amplification occurs in the middle to high frequencies. Use of the MSA Sordin Supreme Pro headset with amplification activated in any of the various spectrums presented could result in increased exposure for some individuals. The OB mean noise reduction goes from 6.7 dBA to 0.2 dBA as the noise spectrum becomes more high frequency dominant. This feature partially and sometimes fully offsets the noise reduction capability of the headset in most of the mid to high frequency range. This study found that use of the amplification feature will expose some individuals to unacceptable levels of continuous noise. This is consistent with the findings of previous studies which have shown that while amplitude-sensitive sound transmission capability is effective in intermittent noise environments, especially those with impulse noise (rifle ranges), it may cause annoyance and create exposure risk in continuous high-level noise environments (Berger, 2003; Casali and Berger, 1996) . This phenomenon increases as the noise spectrum becomes more dominated by sound energy in the mid and high ranges of the frequency spectrum. For example, helicopter noise is dominated by pressure spikes in the mid to high frequency ranges caused by turbine fan harmonics and by the tail rotor due to rotating force on the blades and the displacement of air due to the blade section area (FAA, 1975) . Use of the headset amplification feature during helicopter operations will expose personnel to an extreme noise hazard and additionally may render communications useless. Additionally, due to the extreme noise levels when conducting helicopter operations, personnel would be required to wear double hearing protection. Ear plugs worn under the headset will have an effect on communications since the plug will attenuate the headset signal as well as ambient noise. The extent of the effect that secondary hearing protection would have on speech intelligibility is an issue that warrants further study.
It must be noted that the wireless communications system works properly without the headset amplification turned on. The two features are independent. The amplification feature simply amplifies ambient noise around the headset. It has no effect on the wireless signal transmitted via the transceivers. The results from this study suggest that in a continuous noise environment workers should not utilize the headset amplification feature.
Sources of Discrepancy between Study Data and Manufacturer Data
Several factors may contribute to the discrepancy between the study data and the manufacturer data. The first possibility is leakage caused by the microphone wire passing under the ear cup to record the sound level inside the protector. This systematic bias would lead to a reduction in the attenuation values in some frequency bands. As a result of the very small wire size passing under the muff material, it is believed that this bias was negligible.
Another source of error may have been the use of MIRE/NR instead of the more accurate IL value. As discussed previously, the NR value actually underestimates the true reduction due to the TFOE. All else being equal, one would expect lower NR values in the human speech frequency range when compared to REAT or MIRE/IL values. Instead this study found the opposite. From 500-2000 Hz, which overlaps with the human speech range of 1000-4000 Hz, the NR values increased and actually overlapped with the manufacturer REAT IL values. But this could be due to bone conduction influences present in the REAT data (see below). Therefore, the use of NR vs. IL likely does have some effect on the discrepancy between the study data and the manufacturer data, at least partially accounting for the lower noise reduction values found in this study.
Another source of discrepancy may be the physical measures employed by the MIRE method versus the psychophysical measures used by the REAT method. As discussed previously, research has shown that REAT can over-estimate noise reduction in the lower frequency ranges due to masking effects of physiological noise, while the MIRE does not account for the effect of bone conduction, a pathway that influences a person's overall exposure as a flanking route around the HPD to the middle ear. In particular, research has shown that the bone conduction threshold is lowest at 2000 Hz, and that this flanking pathway to the inner ear may correctly lower protected thresholds in the mid frequency range in psychophysical tests. This effect would not be picked up by MIRE methodology since measurement is made in the outer ear, potentially leading to artificially high noise reduction values in the mid-frequency ranges. This results in lower REAT noise reduction values at 500 Hz and above when compared to MIRE data (Casali et al., 1995) . This may account somewhat for the overlap observed in the 500-2000 Hz range.
Clamp Force Discussion
The objective of the clamp force/noise reduction comparison was to determine the relationship between increasing clamp force and increasing noise reduction. Figures 18 and 19 show noise reduction plotted against clamp force for the MSA Sordin headset and the Peltor H10A earmuff respectively. The noise reduction numbers used in these two figures are OB values calculated for each subject. MSA Sordin data is "amplification off". Each subject was tested twice which accounts for the number of data points. For the MSA Sordin plot (Figure 18 ) Subject 7's data was not included. Figure  19 does include Subject 7 since he received a proper seal with the Peltor earmuff. The correlation for the Peltor earmuff is stronger (R 2 = 0.3675) than the MSA Sordin headset (R 2 = 0.078), which indicates that clamp force was probably irrelevant to noise reduction. Table 8 outlines the steps to calculate the correlation coefficient between the MSA Sordin headset NR and clamp force. Solving for r, the MSA/clamp force correlation coefficient is 0.28 (r 2 = 0.078, verifies with the regression plot, Figure 18 ). This is indicative of a very weak relationship; the correlation is not significant (p-value = 0.085). The Peltor analysis is found in Table 9 . The Peltor/clamp force correlation coefficient, r, is 0.61, a stronger positive relationship (r 2 = 0.368, see Figure 19 ). The p-value = 0.006 indicates that the correlation is statistically significant.
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The range of clamp force for both hearing protectors was the same indicating that the difference in NR between the two protectors was not due to clamp force. This also indicates that a lack of clamping force was not the reason for the lower noise reduction data achieved by the MSA Sordin headset. Although a weak positive relationship was detected between NR and clamp force, it was not significant enough to state conclusively that noise reduction is a function of clamp force. 
Conclusions
This study resulted in the following conclusions:
1. The communications system consisting of the MSA Sordin Supreme Pro headset and the Trulink TM wireless intercommunications system significantly improved communications for personnel in all tested ambient noise levels.
2. Depending on the frequency distribution of the environmental noise, the MSA Sordin Octave Band NR ranged from 11.2 to 27 dBA with the low end of the range corresponding with low frequency dominant noise.
3. One of the key findings of this study was the effect that the headset amplification feature had on the overall protected exposure. The headset amplification feature drastically reduces the noise reducing capability of the MSA Sordin headset. This effect is maximized in high frequency, continuous noise meaning that personnel will be overexposed to hazardous levels of noise when the amplification feature is activated.
4. As previously discussed, one subject could not receive a proper seal using the MSA Sordin Supreme Pro headset. This represented 1 out of 8 subjects tested. This ratio can not be interpolated to the general population due to the small sample size, but it does signal the need to properly fit test all individuals who will be using this headset. Further study with significantly larger sampling is required to determine exactly how widespread this phenomenon may be. A deeper cushion would mitigate the problem, but the effects of such a cushion on the headset electronics would have to be evaluated.
Limitations
The conclusions in this study strictly apply to the test conditions as outlined in this report. As demonstrated, the MSA Sordin headset will provide differing levels of protection depending on the actual environmental noise spectrum. The spectrum and overall noise level also determine the degree of noise reduction degradation experienced when utilizing the amplification feature.
The overall protection being provided by the MSA Sordin Supreme Pro headset or any other HPD will vary depending on the actual noise spectrum of the intended environment. The low frequency noise spectrum used in this study was recorded onboard a CG 47 foot MLB. This was the only spectrum representing an actual work environment. The other spectra were artificially created or taken from literature.
Recommendations
In conjunction with the conclusions listed above, the following recommendations are advised:
1. The MSA Sordin headset amplification feature should not be activated in continuous noise, especially high frequency, continuous noise.
2. Because the headset will provide most users with less than the advertised NRR of 18 dB, constant evaluation of the noise environment is required to ensure that personnel are not over-exposed.
3. All personnel who will be using this headset and communication system must be fit tested to ensure a proper seal.
4. All personnel who will be using this headset and communication system must be trained in its proper use.
5. In noise levels > 95 dBA double hearing protection will be required to ensure that personnel are not over-exposed. This is particularly critical during helicopter operations or any other operation in a continuous, high frequency noise environment. 
Appendix A. Sample Calculations and Tables
